Magnetic resonance imaging (MRI) is the principal method for studying structural age-related brain changes in vivo. However, previous research has yielded inconsistent results, precluding understanding of structural changes of the aging brain. This inconsistency is due to methodological differences and/or different aging patterns across samples. To overcome these problems, we tested age effects on 17 different neuroanatomical structures and total brain volume across five samples, of which one was split to further investigate consistency (883 participants). Widespread age-related volume differences were seen consistently across samples. In four of the five samples, all structures, except the brainstem, showed age-related volume differences. The strongest and most consistent effects were found for cerebral cortex, pallidum, putamen and accumbens volume. Total brain volume, cerebral white matter, caudate, hippocampus and the ventricles consistently showed non-linear age functions. Healthy aging appears associated with more widespread and consistent age-related neuroanatomical volume differences than previously believed.
Introduction
Brain changes are inevitable in aging. Still, core questions remain a matter of debate: What structures change, when do they start aging, at what rates, and are some structures spared? Many cross-sectional studies have demonstrated neuroanatomical age-related volume differences in vivo by the use of magnetic resonance imaging (MRI) (Allen et al., 2005; Blatter et al., 1995; Courchesne et al., 2000; Fotenos et al., 2005; Good et al., 2001; Head et al., 2004 Head et al., , 2005 Jernigan et al., 1991 Jernigan et al., , 2001 Luft et al., 1999; Mu et al., 1999; Raz et al., 2000 Raz et al., , 2004a Raz et al., ,b, 2005 Raz et al., , 2007 Raz and Rodrigue, 2006; Salat et al., 2004; Sullivan et al., 1995 Sullivan et al., , 2004 Taki et al., 2004; Tisserand et al., 2002; 0197-4580/$ -see front matter © 2009 Elsevier Inc. All rights reserved. doi: 10.1016/j.neurobiolaging.2009.05.013 2005a). Some structures are found to decline substantially, while others appear better preserved (Raz and Rodrigue, 2006) . Different age trajectories have been observed, with some brain areas declining linearly from early in life, whereas others continue to increase in volume before eventually beginning to deteriorate (Allen et al., 2005; Good et al., 2001; Luft et al., 1999; Raz et al., 2004b; Walhovd et al., 2005a) . Unfortunately, the results diverge much across studies, and differences in segmentation procedures and demarcation criteria complicate comparisons. Discrepant findings have been reported for most structures. Adding to this problem, in most studies only a few structures are segmented, making it difficult to assess the relative vulnerability of different structures to age.
The aim of the present paper was to overcome these problems. Data from five samples (one split-half making a total of six groups for analysis) were processed with the same segmentation tools, and the stability of age effects across samples was assessed for 16 subcortical structures as well as cortical volume and total brain volume. Three questions were asked:
(1) Which structures show significant age-related volume differences across samples? (2) Which structures undergo the most prominent age-related changes, and which are relatively preserved? (3) Which structures are volumetrically changed in a linear fashion, and which show curvilinear (quadratic) age relationships?
Main findings from previous MRI studies on age-related differences in neuroanatomial volumes are summarized in the following. Further reviews can be found elsewhere (Raz and Rodrigue, 2006) . It should be noted that the vast majority of studies reviewed below are of a cross-sectional nature, and unless longitudinal designs are explicitly noted, what is observed are age differences, rather than age changes. There is consensus that gray matter (GM) volume/thickness is smaller with higher age (Blatter et al., 1995; Courchesne et al., 2000; Fotenos et al., 2008; Good et al., 2001; Jernigan et al., 1991 Jernigan et al., , 2001 Murphy et al., 1996; Pfefferbaum et al., 1994; Raz et al., 1997; Resnick et al., 2000; Salat et al., 2004; Sullivan et al., 1995 Sullivan et al., , 2004 Walhovd et al., 2005a) , and that this effect is seen early in life (Courchesne et al., 2000; Giedd, 2004; Giedd et al., 1999 Giedd et al., , 1996 Lebel et al., 2008) . Based on cross-sectional investigations, there generally appears to be somewhat greater GM loss in the cortex than in subcortical structures (Jernigan et al., 2001; Walhovd et al., 2005a) . However, a longitudinal study has indicated at least as much shrinkage of the caudate and cerebellum as in the lateral frontal and orbitofrontal cortex (Raz et al., 2005) . Aging of different parts of the cortex is highly heterogeneous, and cortical volume is included in the present study mainly to allow comparisons with subcortical structures. Detailed analyses of cortical thickness are reported elsewhere (Fjell et al., in press) .
Less consistent results have been reported for the relationship between age and white matter (WM) volume. Some studies have found no age differences (Abe et al., 2008; Blatter et al., 1995; Good et al., 2001; Jernigan et al., 1991; Pfefferbaum et al., 1994; Sullivan et al., 2004) , while others have found that total WM volume is negatively related to age (Allen et al., 2005; Guttmann et al., 1998; Jernigan et al., 2001; Walhovd et al., 2005a) . Samples of varying ages may be a reason for the discrepant findings, and studies including the oldest participants tend to report age effects. One study (Courchesne et al., 2000) reported white matter to be negatively related to age only from 70 years of age onwards, and this age range has not been consistently included in aging studies. Jernigan and colleagues (Jernigan et al., 2001; Jernigan and Gamst, 2005) found that despite its later onset, white matter loss was more rapid than gray matter loss, and ultimately exceeded it. In recent years, there has been increased focus on the possibly curvilinear nature of age change in WM volume (Allen et al., 2005; Jernigan and Gamst, 2005; Walhovd et al., 2005a) , with gains until middle age followed by later decrease. Non-linear fits tend to significantly increase the proportion of variance in WM volume explained by age. As for gray matter, results indicate somewhat less age-related loss in deep subcortical regions than in the cerebral lobes (Jernigan et al., 2001) . For instance, although some decline has also been observed in brainstem volume (Walhovd et al., 2005a) , several studies have reported no effect of age on volume of the pons (Luft et al., 1999; Raz et al., 1998 Raz et al., , 2001 Raz et al., , 1992 Van Der Werf et al., 2001 ).
In the following, age effects on different subcortical brain structures from 31 cross-sectional studies are reviewed (details are presented in Table 1 ). All studies tested effects of age on the volume of at least one of the subcortical structures/compartments included in the present study, and a short presentation of the main results from this literature is given below:
Hippocampus:
The variability among studies is high. Nine of 15 studies reviewed here found that hippocampus shrank with age (Allen et al., 2005; Greenberg et al., 2008; Jernigan et al., 2001; Lupien et al., 2007; Mu et al., 1999; Raz et al., 2004a; Scahill et al., 2003; Schuff et al., 1999; Walhovd et al., 2005a) , while five found no change (Du et al., 2006; Liu et al., 2003; Sullivan et al., 1995 Sullivan et al., , 2005 Van Petten, 2004) . In one study, age effects on hippocampal volume were found for men but not women (Pruessner et al., 2001 ). In addition, age effects on hippocampal volume normalized to global GM loss were not observed in a very large study (Good et al., 2001) . Notably, three of the studies found nonlinear effects of age (Allen et al., 2005; Lupien et al., 2007; Walhovd et al., 2005a) , and one longitudinal study reported accelerated age-related hippocampal shrinkage (Raz et al., 2005) . Part of the discrepant findings may thus stem from failure to account for non-linearity. Amygdala: There have been fewer studies of age effects on the amygdala, but in sum, the reports indicate smaller age effects on the amygdala than on the hippocampus. Three studies found smaller volume of amygdala with higher age (Allen et al., 2005; Mu et al., 1999; Walhovd et al., 2005a) , while two did not (Jernigan et al., 2001; Pruessner et al., 2001), and in one age effects relative to global GM loss were not observed (Good et al., 2001) . Thalamus/diencephalic structures: Four studies found smaller volume with higher age (Sullivan et al., 2004; Van Der Werf et al., 2001; Walhovd et al., 2005a; Xu et al., 2000) , while two did not (Jernigan et al., 1991 (Jernigan et al., , 2001 ). In addition, one study found lack of age effects on the lateral thalamus relatively to global GM loss (Good et al., 2001) . Caudate: Caudate is the only structure where all the relevant studies are in coherence, with eight studies finding linear negative relationships with age (Greenberg et al., 2008; Gunning-Dixon et al., 1998; Hasan et al., 2008; Jernigan et al., 1991; Jernigan et al., 2001; Krishnan et al., 1990; Raz et al., 2003 Raz et al., , 2005 Walhovd et al., 2005a) . Putamen: Four studies found age effects (Greenberg et al., 2008; Gunning-Dixon et al., 1998; Raz et al., 2003; Walhovd et al., 2005a) . Additionally, in one study, age effects were found for men, but not for women (Nunnemann et al., 2007) . Age effects were not found on the lenticular nuclei in one study (Jernigan et al., 2001 ), but these include the globus pallidus in addition to the putamen, and the latter may explain why effects were not found. Pallidum: None of the four studies reporting on pallidum volume in relation to age found linear negative relationships (Gunning-Dixon et al., 1998; Jernigan et al., 2001; Luft et al., 1999; Raz et al., 2003) , while a quadratic relationship was found in a fifth study (Walhovd et al., 2005a) . Accumbens area: Only two studies have been reported, and both found linear negative relationships with age (Jernigan et al., 2001; Walhovd et al., 2005a) . Brainstem: Smaller volume of the brainstem with higher age was found in one study (Walhovd et al., 2005a) , while the ventral pons has been found to be well preserved in another (Raz et al., 2001) , and no significant age change was observed in pontine structures in a third study (Sullivan et al., 2005) . Cerebellum: Five studies have found negative age relationships for total cerebellar volume, cerebellar GM, cerebellar WM, or other cerebellar compartments (Jernigan et al., 2001; Liu et al., 2003; Luft et al., 1999; Raz et al., 2001; Sullivan et al., 2000; Walhovd et al., 2005a) . In one study, no effects on cerebellar WM (Sullivan et al., 2000) were found, in contrast to a more recent study (Walhovd et al., 2005b) . One study observed that the age changes were best described by an exponential fit (Luft et al., 1999) . Longitudinal findings of age-related decline in cerebellar volume have been more dramatic than cross-sectional, and comparable to the declines in the association cortices and the caudate nucleus (Raz et al., 2005) CSF: There is agreement across studies that CSF compartments increase in volume with age (Coffey et al., 1998; Cohen et al., 1992; Good et al., 2001; Greenberg et al., 2008; Gur et al., 1991; Jernigan et al., 2001; Scahill et al., 2003; Sullivan et al., 1995; Walhovd et al., 2005a) . Some studies have also found non-linear age changes (Good et al., 2001; Sullivan et al., 1995; Walhovd et al., 2005a ).
The differences observed across studies may be related to sample characteristics, segmentation procedures, demarcation criteria, and procedures for intracranial volume (ICV) corrections. Based on the above findings, the following set of hypotheses could be made:
H1. Caudate nucleus, nucleus accumbens, and cerebellar volume will be negatively related to age in all samples, while CSF/ventricular volume will be positively related.
H2. Hippocampus, amygdala, putamen, thalamus volume will generally decline with age, but not consistently across all six samples.
H3. Pallidum and brainstem volume will not be consistently related to age, and age effects will be found only in a minority of the samples.
These hypotheses are strictly based on the previous findings, assuming the results of the present multi-sample study would most likely to be representative of previous findings. However, to the extent that standardizing segmentation and analysis techniques has effect, such empirical hypotheses may not be confirmed, and greater consistency may be found.
Methods

Samples
The details of each of the samples are described in Table 2  and Supplementary Tables 1 and 2 , where key publications with in-depth inclusion criteria are provided, including description of approvals by the relevant ethical committees. The total n of the samples was 883, with an age range of 75 years (18-93 years). All samples were screened for neurological conditions. It is likely that effects on the volume of the different brain structures largely can be attributed to the influence of normal aging.
MR acquisition
All participants were scanned on 1.5 T magnets, but from two different manufacturers (Siemens, Erlangen, Germany; General Electric CO.
[GE], Milwaukee, WI), and four different models (Siemens Symphony Quantum, Siemens Sonata, Siemens Vision, GE Signa). With the exception of the data from Samples 4a and 4b, the separate sample data sets are from different scanners. All participants within each sample were scanned on the same scanner. The measurements were conducted on T1 weighted sequences were acquired (3D magnetization prepared gradient-echo for the Siemens scanners, and 3D spoiled gradient recalled pulse sequence for GE). Slice thickness varied between 1.5 mm (Folstein et al., 1975) ; BDI: Beck Depression Inventory (Beck and Steer, 1987) ; BIMCT: Blessed Information-Memory-Concentration Test (Blessed et al., 1968) ; CDR: clinical dementia rating (Berg, 1984 (Berg, , 1988 Morris, 1993) ; GDQ: Geriatric Depression Questionnaire (Auer and Reisberg, 1997) ; RH: right handed; WASI: Wechsler Abbreviated Scale of Intelligence (Wechsler, 1999 (Samples 2, 4a, and 4b). In three of the samples (Samples 1, 2, 4a, and 4b), multiple scans were acquired within the same scanning session, and averaged to increase the signal-to-noise ratio. The details of the sequences used in each are presented in Supplementary Table 2 . Examples of the scan quality from each sample are presented in Supplementary Fig. 1 .
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Volumetric analyses
The automated procedures for volumetric measures of the different brain structures were performed with FreeSurfer version 4.0.1, which can be freely downloaded (http://surfer.nmr.mgh.harvard.edu/). The segmentation for cerebrum from the average brain from Sample 2 is shown in Fig. 1 . The procedure automatically assigns a neuroanatomical label to each voxel in an MRI volume based on probabilistic information automatically estimated from a manually labeled training set (Fischl et al., 2002) . The training set included both healthy persons in the age range 18-87 years and a group of Alzheimer's disease patients in the age range 60-87 years, and the classification technique employs a registration procedure that is robust to anatomical variability, including the ventricular enlargement typically associated with aging. The technique has previously been shown to be comparable in accuracy to manual labeling (Fischl et al., 2002 . A newly developed atlas-based normalization procedure was used. This has been shown to increase the robustness and accuracy of the segmentations across scanner platforms (Han and Fischl, 2007) . It should be mentioned that the cortical volume estimates from the whole-brain segmentation approach in FreeSurfer are probably less accurate than the estimates from the surface-based thickness calculations. Still, the results of the whole-brain procedure were used here because this approach was used for all the other structures analyzed in this paper. Estimated intracranial volume (ICV) was used to correct the volumetric data. This was calculated by the use of an atlas-based normalization procedure, where the atlas scaling factor is used as a proxy for ICV, shown to correlate highly with manually derived ICV (r = .93) . This procedure has recently been shown to overestimate intracranial volume with increasing atrophy in a longitudinal study of semantic dementia (Pengas et al., 2009) . Although this may not be a similar problem with normal aging, ICV values were examined with a special focus on a possible problem of overestimation. No obvious outliers were detected among the ICV estimates, and ICV estimates correlated negatively, rather than positively with age (r = −.07, −.24, .01, −.25, −.20, and −.04 in Samples 1, 2, 3, 4a, 4b, and 5, respectively). In Sample 2, 4a and 4b, these negative correlations reached significance (p < .05), in keeping with a cohort effect (Haug, 1984) , rather than possible overestimations, which could lead to a positive ICV-age correlation.
Statistical analyses
Unless stated otherwise, all analyses were done separately for each sample. An ANCOVA with 13 structures ×2 hemispheres, with age as between subjects factor and with sex and sample as covariates, yielded no age × hemisphere interaction (F[75,806] = .88, p = .75) and no age × hemisphere × structure interaction (F [206.48,2218 .99] = 1.10, p = .16). The sum of left and right hemisphere volume was thus used in the analyses. First, the average raw volumes of the total sample were calculated per decade, and percent change per decade was estimated based on these. Average percent linear change per decade was also calculated based on the ICV-corrected volumes for each sample. Multiple regression analyses with age and age 2 as simultaneous predictors of the ICV-corrected volumes (the residuals after each volume was regressed on ICV) were performed to test for linear and nonlinear age effects in each sample. These regression analyses were repeated for the total sample after the effects of sample were regressed out. ANOVAs with each neuroanatomical structure in turn as dependent variable was performed to test effects of sample × age interactions (sample as fixed factor).
Results
Relationships with age
The mean volumes of the different anatomical structures are shown per decade for the total sample in Table 3. Table 4 shows the estimated percentage volumetric change in each structure per decade based on the raw volumes of the total sample. Average percent linear change per decade based on the ICV-corrected volumes for each sample is shown in Supplementary Table 3. An illustration of the age effects on the morphometry of the three-dimensional segmentations of each structure is given in Supplementary Fig. 2 . Table 5 shows linear and quadratic effects of age on ICV-corrected volume of each of the brain structures for each sample separately and for the total sample. Scatter plots for select structures are shown in Fig. 2 . All neuroanatomical volumes, with the exception of the 4th ventricle and the brainstem, were robustly related to age in at least five of the six samples, with smaller neuroanatomical structures and greater ventricular/CSF compartments in higher age. For twelve of the ICV-corrected volumes, including total brain volume, significant age relationships were found in all six samples.
The strongest relationships were observed for the cerebral cortex, with the amount of variance explained by age ranging from 34% to 71% for the linear components. There was large overlap of results across samples. Sample 3 stood out as the one in which the weakest age effects were seen. Generally, the quadratic term significantly increased the amount of explained variance. Cerebral WM, lateral ventricles, inferior lateral ventricles, 3rd ventricle, caudate, hippocampus, and total volume showed a non-linear pattern in five samples. The accumbens area, thalamus, and fourth ventricle did not show a non-linear component in any of the samples, whereas amygdala and cerebellar cortex showed a non-linear component in one sample only. The rest of the structures displayed a mix of linear and non-linear effects across samples. Fig. 4 shows the strength of the age relationships across groups, sorted by the median explained variance, where both the linear and the non-linear (where significant) contributions to the amount of explained variance are included.
Effects of sample
To test whether sample influenced the strength of the relationship between neuroanatomical volume and age, ANOVAs were conducted with each brain structure in turn as dependent variable, sample as fixed factor, and age as covariate (d.f. = 5, error = 871 for all analyses). Significant interactions between age and sample were found for the cerebral cortex (F = 4.30, p < .001), cerebral WM (F = 14.09, p < 10 −12 ), cerebellar cortex (F = 3.56, p < .01), caudate (F = 2.88, p < .05), putamen (F = 2.34, p < .05), pallidum (F = 4.18, p < .001), amygdala (F = 6.02, p < .0001), accumbens (F = 3.73, p < .005), third ventricle (F = 2.41, p < .05), and total brain volume (F = 3.60, p < .005), whereas a trend was found for hippocampus (F = 1.95, p = .084). In contrast, no sample × volume interactions were observed for the lateral ventricles (F = .65), inferior lateral ventricles (F = .11), cerebellum WM (F = 1.42), thalamus (F = 1.60), fourth ventricle (F = .30), brainstem (F = 1.41), and CSF (F = .89) (Fig. 3) .
Age effects in the total sample
Regression analyses with age and age 2 on residuals with the effects of sample regressed out generally confirmed the age patterns observed in the subsamples. However, largely due to increase in statistical power due to increase in the sample size (n = 883), all structures now showed significant age effects, and a quadratic age component was significant for a few additional structures, a total of 13. Reduction in the magnitude of age differences at older age suggesting age-related deceleration was observed for the cerebral cortex, caudate, putamen, pallidum, the lateral and inferior lateral ventricles, and the 3rd and 4th ventricle. On the other hand, increase in age-related differences suggesting acceleration of age effects on volume in the latter part of the lifespan was observed for cerebral WM, cerebellar WM, hippocampus and the brain-
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stem. The R 2 for the different volumes and age in the total sample are shown in Fig. 4 .
Discussion
For most neuroanatomical volumes, age effects were observed across samples. Of the 18 neuroanatomical volumes tested, including total brain volume, 12 showed age effects in all six samples, while four showed effects in five of the samples. Only the 4th ventricle (related in three samples) and the brainstem (related in four of the samples) were not related to age in a consistent fashion. The first hypothesis based on previous reports was that caudate nucleus, nucleus accumbens, and cerebellum compartments would be negatively related to age in all samples, while CSF compartments would be Fig. 3 . Amount of age-explained variance for each structure in the separate samples. The figure shows the R 2 (amount of explained variance) of age for each of the tested structures in each sample separately. Pink background: structures for which a significant (p < .05) age × sample interaction was found. Blue background: structures for which no significant (p > .05) age × sample interaction was found.
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positively related. This was mainly confirmed, in that significant age relationships were found in five of the samples for accumbens and effects on the caudate, cerebellar cortex, cerebellar WM and all CSF-measures except the 4th ventricle were found in all six samples. The second empirically based hypothesis was that hippocampus, amygdala, putamen and thalamic volume would be generally, but less consistently Fig. 4 . Amount of age-explained variance for each structure in the total sample. The bars show the percentage volumetric variance explained by age in the total sample for each of the neuroanatomical structures. The effect of sample was regressed out.
related to age. This was not confirmed; putamen and thalamic volume were related to age in all six samples, while the two other volumes showed age effects in five of six. Finally, we predicted that pallidum and brainstem volume would not be related to age, or related only in a minority of the samples. Pallidum volume was related to age in all samples, while volume of the brainstem showed age effects in only three. Thus, the various structures showed age effects in a more stable manner across samples than what would be expected from previous literature. In addition, all structures were significantly affected by age in the total sample analyses, indicating that when statistical power is sufficiently high, age effects are observed throughout the human brain. The present data may be useful as a reference for other researchers if they would like to see e.g. how their control group at a given age may compare to a larger sample of controls. However, we caution against using these data as a normative reference for clinical use, since this must be further validated. The present results indicate that age affects brain structures globally, but with substantial differences in the amount of variance explained by age. Of the specific structures, the cerebral cortex showed the greatest amount of variance explained by age in all samples. Cerebral WM showed relative preservation with age, which fits with previous reports of WM increase until middle age (Allen et al., 2005; Bartzokis et al., 2003; Walhovd et al., 2005a) . However, after middle age, WM volume appeared to show an accelerating decrease in volume. Hippocampus is a structure vulnerable to many cerebral insults and known to be affected at the early stages of AD. A multi-component model of brain aging (Buckner, 2004; Head et al., 2005; Raz, 2000) proposes that whereas the medial temporal lobes are affected by AD, a separate process with an anterior-to-posterior gradient affects normal aging and may underlie the executive problems often observed in late adulthood. Striatum changes have been implicated in reduced executive function in healthy aging (Rubin, 1999) . The present analyses showed that hippocampal volume decreased as a function of age in five of the six samples, with a median explained variance of 38%. This result is consistent with reported longitudinal findings (Raz et al., 2005) , and indicates that hippocampus is far from spared in normal aging. However, hippocampus was not especially vulnerable to the effects of age either.
The striatal structures showed a strikingly heterogeneous aging pattern, in that pallidum and putamen volume was relatively severely affected by age (explained variance in the total sample of 46% and 32%, respectively), while caudate seemed to be among the best preserved structures with an age-explained variance of 13%, and only 7.2% shrinkage from the 20s to 80s/90s, even though age effects were identified in all striatal structures in all samples. Taken together, striatum and hippocampus seem to age at about the same speed, but there appears to be considerable heterogeneity in the aging of the striatal structures. In addition to the cerebral cortex, pallidum and accumbens volume showed relatively large age effects. The accumbens was the structure for which NBA-7344; No. of Pages 17 K.B. Walhovd et al. / Neurobiology of Aging xxx (2009) xxx-xxx 13 the largest estimated percentage age difference was observed (an estimated loss of 30.4% from the 20s to the 80s/90s), and pallidum also showed large volumetric age effects (about 5% per decade). Thus, cross-sectional findings across the samples suggest that basal ganglia have significant vulnerability to aging. This view is consistent with longitudinal findings, although the latter suggest greater shrinkage of the caudate nucleus than the rest of the striatum (Raz et al., 2003 (Raz et al., , 2005 . Quadratic relationships were found for several structures consistently across samples, confirming previous reports (Allen et al., 2005; Jernigan and Gamst, 2005; Walhovd et al., 2005a) . Cerebral WM, lateral ventricles, inferior lateral ventricles, 3rd ventricle, caudate, hippocampus, and total volume showed a non-linear pattern of age-related differences in five samples, while the volumes of accumbens, thalamus, and the fourth ventricle were linearly related to age. These results are interesting for several reasons. An implication is that even though age-related differences in brain morphometry seem to be global, they are heterogeneous. Different parts of the brain not only age at different rates, but also in qualitatively different ways. Some structures, such as the hippocampus and cerebral WM, showed initial increase in volume, before accelerated volume loss sets in. Other structures, like the caudate, showed initial volumetric decrease followed by less prominent loss. These trends were found across five or six samples. The curvilinear nature of age relationships was also confirmed in the total sample analysis, where the majority of structures showed significant quadratic components. Diminishing effects of age in higher age ranges were observed for the cerebral cortex, caudate, putamen, and pallidum, along with a flatter rate of expanding CSF compartments (lateral, inferior lateral, 3rd and 4th ventricles). An acceleration of effects of age on neuroanatomical volumes in the latter part of the lifespan, on the other hand, was observed for cerebral WM, cerebellar WM, hippocampus and the brainstem. The significant curvilinear relationship for the cerebral cortex appeared to be due to a greater initial volume loss in the 20s rather than a true flattening late in life. However, the additional variance in cortical volume explained by the quadratic component in the total sample was on the order of 2% only. The non-linear patterns also indicate that age effects on brain structures should be studied as continuous processes, and only a part of the story is captured if distinct age ranges are compared. The effects of age on brain morphometry are continuous, but they are not uniform throughout the adult lifespan.
The age-related differences found in the present study tended to be stronger and more consistent than that in most often previously reported studies. This is especially notable since the data were obtained from five independent projects, with five different scanners, in three different countries, thus presupposing several possible sources of variability. It is likely that the use of identical segmentation procedures for all the scans greatly reduced the inconsistency. When formally tested, sample exerted an influence on the relationship between volume and age for several structures. However, sample effects were strongest for the structures most affected by age. Hence, sample differences did generally not determine whether an effect was present, but modulated the strength of the effect. This indicates that much of the variability in previous research may be accounted for by differences in segmentation approaches and definition of ROIs. The present study used an automated segmentation technique, which has previously been shown to be comparable in accuracy to manual methods (Fischl et al., 2002 . The correlation between hippocampal volume and age obtained in a manual morphometry study (almost identical to Sample 6) (Raz et al., 2004a) was −.42, compared to −.35 in the present study, indicating that the automated segmentation approach used did not overestimate age effects. The data from Samples 3 and 6 were based on a single T1 scan, while the data from the other samples were based on multiple runs optimized for automated segmentation techniques. The larger estimated hippocampus volume in Samples 3 and 6 may indicate slight problems with automatic labeling of this region in these samples. As can be seen in Fig. 1 , the gray/white contrast in the acquisitions from Samples 1, 2, and 4/5 is different than the contrast from Samples 3 to 6. This may have contributed to the lower correlations in these samples. As the atlas used for segmentation has been built from data acquired on a Siemens platform, segmentation accuracy is probably higher with Siemens scanners (Samples 1, 2, 4a,b) than GE scanners (Samples 3, 5) (Han and Fischl, 2007) . Still, a newly developed atlas normalization procedure was used, which has been shown to increase the robustness and accuracy of the segmentations also on data from GE scanners (Han and Fischl, 2007) . Also, all segmentations were visually inspected for accuracy, ensuring that no obvious segmentation errors were included.
The observed differences across samples are likely also in part due to true differences across populations, which can theoretically be due to sampling methods and criteria as well as societal differences. It is important in this regard not to conflate effect sizes such as R 2 with the degree of estimated volume loss observed. For instance, Sample 1, drawn from a Norwegian study, tended to show the strongest age relationships, yet not the highest percentage volume change per decade. This means that age is a strong predictor of neuroanatomical variance in the population, but not necessarily that the absolute magnitude of the age declines is great. This may for instance happen if the population is homogeneous with respect to other characteristics than age. Norway and Sweden tend to be characterized by more homogenous public health care and education than the US. One might speculate that this type of homogeneity could simultaneously make biological variables such as age a stronger predictor. However, while age was a strong predictor in Norwegian Samples 1 and 2, it was a less strong predictor in Swedish sample 3. Further, volunteer participants in these kinds of studies tend to have higher education and better health than the average population, which may diminish national differences in access to health care and education. Hence, scan parameters appear NBA-7344; No. of Pages 17 14 K.B. Walhovd et al. / Neurobiology of Aging xxx (2009) xxx-xxx a more likely factor of influence in this regard than sample characteristics. Generally, Sample 3 showed the weakest age relationships. This could be related to the analysis of one instead of two scans per participant, a smaller age range with an upper age limit of 56 years, or to the fact that a lower percentage of the participants were females. Some studies have found evidence for steeper age functions for males than females (Chung et al., 2006; Coffey et al., 1998; Cowell et al., 1994; Good et al., 2001; Gur et al., 2002; Murphy et al., 1996; Nunnemann et al., 2007; Pruessner et al., 2001; Raz et al., 2004a; Resnick et al., 2000; Riello et al., 2005; Sowell et al., 2007; Xu et al., 2000) , though this is a controversial issue (Greenberg et al., 2008; Salat et al., 2004; Sowell et al., 2007) . However, this does not seem to be the case for the present samples (Fjell et al., in press ). Thus, it is hard to pinpoint the exact reason for the somewhat weaker age effects for Sample 3.
Importantly, however, the results were largely replicable across the different samples. An implication of the findings is, in line with a recent reliability study (Jovicich et al., 2009) , that multi-site studies can obtain a high degree of consistency and sensitivity, in this case, to age effects. The amount of explained variance in the total sample was generally somewhat lower than the amount of variance explained in single samples. Indeed it would be surprising if this was not the case when pooling studies where no attempts have been made to standardize imaging parameters. However, all age relationships were significant in the total sample due to the increased power, so the benefits of increasing samples by including additional sites may not be substantially contradicted by the noise introduced. This will likely apply especially if efforts are made to standardize scanning parameters. The detection of age effects throughout the brain in the present study, in areas where age effects have generally not been detected, such as the brainstem, is first and foremost dependent on the large sample size. For instance, age significantly accounted for 1% of the variance of 4th ventricle volume, corresponding to a correlation of .10. The relatively large effect sizes for some of the structures where age effects have most often previously been found, e.g. the putamen, may depend on the consistent application of a robust segmentation technique (Fischl et al., 2002; Jovicich et al., 2009) . Automated methods may have some undesirable features, in that without proper quality check they may potentially allow erroneous segmentation, especially if gross anatomical anomalies that violate the assumptions inherent in the atlas used are present. However, automated methods also have several advantages over manual methods. They require minimal intervention by highly trained personnel, allow processing of many brains in a reasonable time frame and are characterized by high reliability and repeatability of measures (Fischl et al., 2002) . It would be practically impossible to undertake the present study with manual segmentation, as it would require years of work.
In conclusion, the present cross-sectional study shows that age affects brain volumes globally, but the various structures are influenced in both quantitatively and qualitatively different ways.
